We report results obtained from measurements of optical transmittance spectra carried out on a series of silicon thin films deposited by plasma-enhanced chemical vapour deposition (PECVD) from silane diluted with hydrogen. Hydrogen dilution of silane results in an inhomogeneous growth during which the material evolves from amorphous hydrogenated silicon (a-Si:H) to microcrystalline hydrogenated silicon (µc-Si:H). Spectral refractive indices and absorption coefficients were determined from transmittance spectra. The spectral absorption coefficients were used to determine the Tauc optical band gap energy, the B factor of the Tauc plots, E 04 (energy at which the absorption coefficient is equal to 10 4 cm −1 ), and the Urbach energy as a function of the hydrogen dilution. The results were correlated with microstructure, namely volume fractions of the amorphous and crystalline phase with voids, and with the grain size.
Introduction
Research results obtained in recent years demonstrate a wide range of properties of hydrogenated silicon (Si:H) thin films [1] [2] [3] [4] . Relatively well-understood amorphous Si:H (a-Si:H) and microcrystalline Si:H (µc-Si:H) thin films are still intensively studied. Many studies demonstrate an important role of hydrogen in the formation of a-Si:H and µc-Si:H network [4] [5] [6] . It is known that hy-drogen assists in improving medium-range order [4, 7] and crystallisation. Understanding deposition influence on the a-Si:H and µc-Si:H network may clarify some effects in aSi:H and µc-Si:H devices. Due to high optical absorption they are suitable for optically-based applications, e.g. solar cells, displays, thin-film-LEDs, imaging devices, photosensors etc. A new and also attractive application are optical gratings for splitters, directional couplers etc. for optical networks that use spatially-selected crystallization [8] . In all these devices, it is highly important to keep the crystallization under control and therefore it is necessary to have reliable diagnostics to study material microstructure, optical absorption and its relationship to deposition conditions.
Optical properties of hydrogenated silicon and silicon alloys are related to changes in the structural and compositional disorder [9] [10] [11] . The study of optical absorption offers a lot of information on microstructure and optical quality of Si:H thin films. This contribution reports on the study of optical absorption in Si:H thin films deposited by PECVD from silane diluted with hydrogen. The aim is to show that the results of optical characterization via the analysis of absorption coefficient spectra in visible region are in correlation with structure and microstructure.
Experimental
The thin undoped Si:H samples films (Tab. 1) were deposited at the Delft University of Technology, the Netherlands, by 13.5 MHz rf excited parallel plate PECVD industrial deposition system (rf power 13.5 W). The samples were deposited on clean Corning 1737 glass substrates. To avoid the thickness-dependent deposition of Si:H, the thickness of all films was kept at approximately 300 nm. The depositions were performed under varied dilutions of silane plasma with additional hydrogen. The dilution R = (H 2 )/(SiH 4 ) is defined as the ratio of the hydrogen (H 2 )to silane (SiH 4 ) gas flows. For this study, the dilutions at the sample series deposition varied from 0 (no additional hydrogen) to 40.
Optical properties of the series in visible and near infrared region were analyzed using transmittance spectra performed on the Specord 210 spectrophotometer. Apparent interference fringes (Fig. 1) are observed in the transmittance spectra.
Results and discussion
The transmittance of a thin film with parallel interfaces deposited on a thick substrate is a nonlinear function of the wavelength, refractive indices and extinction coefficients of the film and substrate, and of the film thickness. Spectral refractive indices and extinction coefficients of the films were extracted from the measured spectra using a Delphi-based program based on an optimization procedure using genetic algorithm. The optimization procedure minimized differences between the experimental and theoretical reflectance in the broad spectral region including the region in the vicinity of the absorption edge. The theoretical transmittance was calculated using the theory in [12] and the Tauc-Lorentz dispersion model for refractive index and extinction coefficient [13, 14] that is currently employed for the parameterization of the optical functions of amorphous materials. The absorption coefficient α is related to the extinction coefficient through the relation α = 4π /λ, where λ is the wavelength. The determined refractive indices and extinction coefficients are in Figs. 2, 3. Their values ∞ in the long wavelength limit were estimated (Tab. 1) by extrapolating spectral refractive indices to the non-absorbing region (extinction coefficients → 0). The refractive index ∞ is an important wavelength-independent optical parameter related to the atomic structure and the mass density. We can see from Tab. 1 that we have a decrease of the refractive index with the dilution that can be attributed to the decrease of the film density. The differences in refractive indices of the series and the analysis of infrared absorption data on Si-H stretching vibrations [15] imply the presence of voids. We conclude that increasing dilution of silane with hydrogen results in the deposition of films where a diphasic material (amorphous, voids) evolves into a triphasic material (amorphous, crystalline, voids). According to effective media approximations (EMA), a mixture of different materials can be considered as a homogenous medium having an effective refractive index that can be obtained from refractive indices and volume fractions of individual components. According to Bruggeman's EMA (BEMA) [16] , for a composite film the following equation is valid for three constituents of volume fractions (crystalline Si), (a-Si:H) and (voids filled with air) in the non-absorbing region [17] from Raman spectra analysis were applied [15] . The degree of crystallinity = /( + ) (Tab. 1) has been determined from Raman spectra and recently published in [15] . A closer look at the film phase composition and grain size can be obtained by the analysis of the Raman scattering data. The transversal optical (TO) phonon peak at ∼ 480 cm −1 attributed to amorphous Si is obvious in all spectra. At higher dilutions, the TO peak belonging to crystalline Si appears at ∼ 520 cm . A new deconvolution model [6] considering two crystalline peaks attributed to the contribution of small (at ∼ 505 -510 cm ) and large crystalline grains (closer to 520 cm −1 ) has been applied upon the Raman spectra and the presence of small and large crystalline grains has been detected (Tab. 1). Small grains are of size under 3 nm; large grains in last two members of the series achieve the dimensions ∼ 10 nm. Therefore, we conclude that the hydrogen dilution favours the medium-range order in the samples under study.
The calculated volume fractions , , versus the dilution are presented in Fig. 4 . It can be seen that with the increasing dilution, the crystalline and the amorphous volume fractions are approximately constant up to the dilution of ∼ 30. Then it is evident that dilution favours the formation of crystalline phase. Then rapid changes of , are observed and the transition from a-Si:H to µc-Si:H occurs. Additional X-ray diffraction (XRD) measurements carried out on an automatic X-ray powder diffractometer X'pertPro with a thin film attachment have verified these observations, in the samples deposited under dilutions 30 and 33 (Figs. 5, 6 ). From Figs. 2, 3 we notice that the onset of the absorption in the samples is different and therefore the influence of the deposition conditions on the band gap energies of resulting materials can be expected. From Fig. 3 , we can speculate on the sub-band gap absorption. At photon energies < 1.1 eV, the transitions between defect states and extended states in the conduction and the valence bands occur. For all samples under study the low values of the absorption coefficients indicate low deep defect densities.
The optical band-gap in amorphous semiconductors is a rather vague parameter owing to the localized states between valence and conduction bands. The Tauc equation (αE) 1/2 = B(E − E ) is widely used to define the band gap in amorphous semiconductors characterizing the transitions between extended states. Hence the plot of (αE) 1/2 versus the photon energy E leads to a straight line whose intersection with the E-axis gives the Tauc band gap energy E (Tab. 1). B is the scale factor of the plot. From results in Tab. 1, the influence of the dilution on the bandgap energies E can be seen. With the increasing dilution, the blue-shift of the band-gap energies (towards higher energies, that is towards smaller wavelengths) is observed. The probable explanation of the band-gap shift is a 3D confinement related to nanocrystalline Si quantum dots embedded in amorphous Si [4] .
The scale factor B is often attributed to various aspects of silicon network. It is often used to characterize the temperature and compositional disorder in amorphous Si based alloys, particularly SiC:H [9, 11, 18, 19] . B includes information on the disorder-induced correlation of optical transition between the valence and conduction bands [11] . The scale factor B depends on the product of the oscillator strength of the optical transition, the deformation potential, and the mean deviation of the atomic coordinates, particularly the mean bond angle distribution in amorphous semiconductors [11, 18] . Fig. 4 and Tab. 1 show the behaviour of B factor in thin films deposited with increasing dilution. According to Fig. 4 the B factor compares well with the volume fraction of the amorphous phase. As we can see saturation behaviour can be observed up to the dilution 30, which means in the material with prevailing amorphous phase. For thin films deposited at higher dilutions, the B parameters decrease substantially which can be connected with the change of the band-edge character from a-Si:H like to µc-Si:H like.
Iso-absorption value E
04 is the photon energy at which the absorption coefficient has a value of 10 4 cm
. It is also a common definition of the optical band gap of amorphous semiconductors, especially in the case when the linear part of the (αE) 1/2 plot versus the photon energy E is reduced. E 04 is always larger than E . Then we calculated the difference E 04 -E that can be attributed to the mobility edge width of the conduction band and therefore to the contribution of the gap states to the absorption. In the samples with prevailing amorphous phase, E 04 -E is not particularly dependent on the dilution (Tab. 1, Fig. 4 ). The plot of the difference E 04 − E versus the dilution (Fig. 4) compares well with the behaviour of the crystalline phase volume fraction. Thus, the scale factors B and the differences E 04 − E are approximately constant in amorphous Si and are related to the volume fractions. The possible explanation for this behaviour is that no significant band edge modification occurs below the phase transition to µ-Si:H.
The Urbach energy E 0 [meV] characterizes the tailing of the band edges that have an exponential energy distribution. It determines the slope of the exponentially decreasing absorption coefficient and is described by α = α 0 exp
, where α 0 , E are constants and the Urbach energy E 0 is inversely proportional to the width of the exponential tail. It represents the tailing of the valence band density of states that is larger than the conduction band tail. As the tail states are the direct figure of merit of the temperature-induced and structural disorder in hydrogenated silicon alloys, the Urbach energy is of considerable interest in a number of studies [18, 20, 21] . An increase in Urbach tail energy indicates an increase in defect density and the lower material quality [20] . For the device quality a-Si:H, the value of E 0 is less than 50 meV [21] . In our samples E 0 increases over 50 meV only for samples deposited at dilutions >33 in which the crystalline phase starts to prevail.
All investigated characteristics of the optical absorption, E , B, E
04 , E 04 -E and E 0 reflect the phase transition to the crystalline phase with increasing dilution. On the other hand, no correlation with the hydrogen content determined from FTIR absorbance was found (Tab. 1). Further investigation is needed to reach a quantitative conclusion on correlating B and E 04 -E to ordering. is the degree of crystallinity. Hydrogen content H was determined from FTIR absorbance [15] . L R and L R are dimensions of small and large crystalline grains deduced from Raman spectra [15] . E is the Tauc optical band gap energy, B is the scale factor in the Tauc plot, E 04 is the energy at the absorption coefficient equal to 10 4 cm −1 , and E 0 is the Urbach energy. 
Conclusions
The optical characterization based on transmittance spectra in the visible region was presented over Si:H thin films of approximately the same thickness deposited by PECVD under varied dilutions of silane plasma with hydrogen. The results show that absorption study can offer a lot of information correlated with the structure. Silicon thin films deposited under increasing dilutions evolve from amorphous to microcrystalline silicon with increasing contribution of crystalline phase. From Raman scattering, the presence of small and large crystalline grains has been uncovered in the samples deposited under higher dilutions and their dimensions have been calculated. BEMA approximation yields the information about volume fractions of amorphous and crystalline phase and presence of small void fraction in the materials. We found out that the scale factor B of the Tauc plot and the difference E 04 − E strongly correlate with the volume fractions of amorphous and crystalline phase. Therefore the results show that it is appropriate to use B and E 04 − E as an indication of the transition from a-Si:H to µc-Si:H. The Tauc band gap energy E is related to the grain size. The changing values of E in amorphous Si are evidence of the quantum size effect. All characteristics of optical absorption reflect the phase transition to the crystalline phase with increasing dilution that means with the medium-range ordering in the Si:H samples under study.
